Abstract Trochanteric valgus and varus correction osteotomies have been described with or without associated rotational correction. In the last decade, new techniques have been described, including femoral neck osteotomy, femoral head reorientation, relative neck lengthening, greater or lesser trochanter distalization, and femoral head reduction osteotomy. While the overall number of femoral osteotomies in the young patients has decreased because of the efficacy of primary total hip arthroplasties, those osteotomy techniques may expand the indications for femoral osteotomies in select patients who meet the indications.
Introduction
In the last 2 decades, advances in hip arthroplasty have led many surgeons to question the indications for osteotomies because of the described effectiveness of total hip arthroplasty (THA). However, the risk of multiple revisions in young patients reserves a role to the osteotomies of the proximal femur for treating deformities that may lead to the development of cartilage lesions or arthritis.
In the past, several osteotomies were described but the most frequently performed were trochanteric osteotomy (TO) valgus and varus correction, commonly associated with rotational correction. In the last decade, new techniques have been described including femoral neck osteotomy (FNO), femoral head reorientation (FHR), relative neck lengthening (RNL), greater or lesser trochanter distalization, and femoral head reduction osteotomy (FHRO) . Although the overall number of femoral osteotomies has decreased, the addition of newer techniques may expand the indications for femoral osteotomies in young patients. Indications for proximal femoral osteotomies are shown in Table 1 . The last 3 groups of procedures mentioned above, however, are routinely performed only by very select surgeons with extensive clinical experience. Consequently, the reported results may lack high evidence and the outcome may not be reproducible in widespread fashion.
Trochanteric osteotomies
Femoral osteotomies generally are classified as varus or valgus, referring to the aimed final geometry of the proximal femur. Corrections of rotation, length, and coronal plane abnormalities are usually associated with the varus/valgus correction to improve biomechanical forces, cartilage loading, and length inequalities.
Varus trochanteric osteotomies

Background
The most common indication for varus trochanteric osteotomies is hip dysplasia [1] .
However, since previous studies suggested the acetabular deficiency as the major problem, femoral approaches were commonly performed if the reorientation of the entire acetabulum was not sufficient to obtain a complete correction of the deformity [2] . The femoral correction is mainly in varus but often is associated with a rotational change. Varus TO alone was described as successful in stopping minimal subluxation by some authors while other centers added a shelf plasty to the femoral osteotomy to improve results [3] .
Indication and drawbacks
Although varus TO continues to be indicated as an additional correction to acetabular reorientation, isolated varus TO for dysplasia is currently rarely performed, with the exception of cases of combined high neck-shaft angle with an ipsilateral long leg in the face of mild dysplasia [4] .
In general, the ideal candidate for a varus TO is a patient with a spherical femoral head, little or no acetabular dysplasia, with neck-shaft angle of more than 135°of valgus [4] . Also, an excessive anteversion is frequently associated with hip dysplasia and could be reduced with a subtrochanteric osteotomy.
Other rare indications are cases of osteonecrosis where flexion or flexion-varus TO may move the area of necrosis to a non-weight bearing area [5] . Varus TO presents also several drawbacks: the first is the residual deformity after bone union, which may be a problem for a future femoral stem placement [6] .
This problem increases with the degree of displacement and excessive medial displacement of the distal fragment is contraindicated for these reasons [1] .
Leg shortening is another drawback, especially if a full wedge is resected. This could be avoided with an opening wedge technique, but it is associated with longer time to bone union.
A Trendelenburg gait is common and may persist permanently in up to 30 % of patients [7, 8] . Cases of nonunion are also reported in literature [9•] .
Furthermore, prominence of the greater trochanter because of varus positioning can predispose to bursitis over the plate and trochanter.
Results
Morscher's summary of the large Swiss series reported the varus TO results separately, with nearly 90 % good to excellent long-term outcomes [10] .
Iwase [11] followed 110 patients with hip dysplasia more than 20 years after TO, with nearly equal numbers of varus and valgus osteotomies. Varus osteotomy was performed for early hip arthritis. Using the endpoint of Harris hip score of less than 70 or a salvage surgery, the 10-year and 15-year survival rates for varus osteotomy were 89 %. The younger age (mean age 25 years) range in this series almost certainly was a factor in the excellent long-term outcomes, which included 82 % good to excellent 20-year results for their varus osteotomies. This compares favorably with the survivorship of primary THA in the young; in fact, the younger the patient, the better the short-term outcome and the worse the long-term outcome [12] .
On the other hand, several parameters have been identified as negative predictors and are contraindications to a varus TO including age older than 40 years or obesity. Furthermore, a minimum of 15°of passive abduction preoperatively is an essential prerequisite to avoid complication [13] .
Valgus osteotomies
Background
The most common current indication for valgus TO is subtrochanteric or neck nonunion. The latter has always been challenging for orthopedic surgeons since internal fixation was first proposed for femoral injuries in 1889, although early intervention and advancements in orthopedic technology have reduced the nonunion rate. In elderly patients, fracture nonunion is commonly treated with total joint replacement; while in younger patients without avascular necrosis, every effort should be made to preserve the native hip. A valgus TO performed with a blade plate is the most common technique used in those young patients. Correction could be obtained in the subtrochanteric region, as Schanz described, or in the trochanteric area, as proposed by Pauwels [14] .
Indication and drawbacks
Pauwels' [15] research on biomechanical forces affecting femoral neck fractures demonstrated that femoral neck nonunion was often a result of abnormal shear forces acting across the fracture site. By converting shear stresses into compressive forces, the osteotomy increases the likelihood of union and avoids a less desirable arthroplasty. Furthermore, the valgus TO partially corrects the proximal femoral deformity in nonunion of neck fracture extended to the subtrochanteric area [16] .
Valgus trochanteric osteotomy has also been also used in adults for sequelae of Legg-Calvé-Perthes disease, SCFE [13] , and in certain cases of osteonecrosis (flexion-valgus) [17] . In general, the goal is to move healthier articular cartilage into the weight-bearing zone of the acetabulum and to relieve impingement but the recently described techniques such as SCFE reorientation and femoral head reduction osteotomies have reduces its indications.
The major problem with valgus TO performed for neck nonunion is that the correction performed is not at the site of deformity, therefore restoring the anatomy and normalizing hip biomechanics could be achieved only indirectly. The alternative option is neck correction and fixation through a surgical dislocation; the latter directly corrects the deformity but presents with risks of avascular necrosis. This surgical option will be discussed in the next paragraph for malunited neck fracture. At last, as described for varus TO in the previous section, THA after those realignment procedures could be challenging.
Results
Marti reviewed 50 nonunions of the femoral neck treated by valgus TO with a union rate of 94 % and a 12 % rate of conversion to THA at 7 year follow-up [18] . Weber and Cech reported the results of valgus ITO in 41 adult patients with femoral neck nonunion: 21 of 23 healed, with 61 % achieving normal function [19] . Maistrelli et al published the results of 277 valgus-extension osteotomies in adult patients. At 11-15 years of follow-up, they reported 67 % good or excellent results. Results were better when patients were younger than 40 years and if preoperative flexion was 60°or greater [7] .
Historically, a valgus-extension osteotomy was indicated with superolateral arthritis in young patients but literature shows a wide range of results: long-term studies reported good to excellent results between 6 % [11] and 86 % of patients at minimum follow-up of 10 years [20] .
Neck osteotomies and neck reorientation
Background Several pathologies may lead to neck deformities (eg, fractured neck malunion and SCFE). Literature has shown that, when a neck fracture consolidates in a displaced position, the deformity creates an impingement with the acetabulum and may progress to arthritis.
SCFE may results in a deformity of the neck that is dependent upon the severity of the slip and may lead to arthritis with the same mechanism. Literature has shown that SCFE develop osteoarthritis prematurely but may last for many decades without symptoms. This is confirmed by a the long-term study of Carney, the author showed significant differences between those SCFEs that were treated in situ compared with those treated with realignment. Other studies have also shown that the greater the deformity, the earlier is the onset of osteoarthritis.
Indication and drawbacks
Surgical dislocation [21] can be used as an approach for SCFE re-orientation and for neck osteotomy. Up to date, indication for surgical dislocation and epiphyseal realignment is limited to unstable or severe SCFE, while published data does not support this treatment for stable SCFE. Femoral neck osteotomies are indicated in select cases of malunited neck fracture in very young patients.
Neck osteotomy either in SCFE or malunited neck fracture may results in femoral head AVN (see below) or leg shortening as the most significant drawbacks of this procedures. In patients previously treated with several surgical procedures, the retinaculum with blood vessels supplying the head may not be easily identified and an iatrogenic injury may lead to AVN.
Results
For SCFE
Although femoral neck osteotomies outcomes have been analyzed in several studies such as these published by Rebello [22] Spencer [23] , Leunig [24] , no valid and reliable statistical analyses have been carried out. Only studies by Ziebarth [25] and Masse [26] published a statistical improvement in WOMAC or HHS results together with good radiographic results. Ziebarth et al [25] , Slongo et al [27] , and Huber et al [28] reported 2 cases of osteonecrosis after 92 surgical dislocations for stable and unstable SCFE, which is similar to the rates of osteonecrosis published by other authors using traditional treatment [29] .
For femoral neck malunion
There is only 1 case series for the FNO published in the literature. Ganz et al treated 53 patients (aged from 9 to 34) and resulted in 2 cases of AVN and 5 cases of osteotomy failure [30•] .
Relative neck lengthening and greater trochanter distalization
Background RNL and greater trochanter distalization are commonly performed for pelvic trochanteric impingement. The morphologic appearance of those hips is frequently characterized by deformed epiphysis, short femoral neck, and a greater trochanter with a tip that is higher than the center of the femoral head. The majority of patients with such morphologies have had a history of disturbance of the epiphyseal blood perfusion during conservative treatment of hip dysplasia, with early closure of the head physis and undisturbed growth of the trochanteric physis. Other etiologies, such as trauma or as a sequelae of an osteotomy, are also possible [31] . The clinical problem in the majority of such hips may be characterized by weakness of the gluteus medius muscle, but there is often also substantial pain and limitation of motion from impingement. Impingement is extra-articular between the greater trochanter and the pelvis. In addition, more severe intra-articular impingement can be associated, because of an anterior flattening of the femoral head and a prominent anterolateral bony ridge of the short femoral neck.
Indications and drawbacks
If the greater trochanter deformity is not associated with other abnormality, an extra-articular advancement of the greater trochanter may be used to treat this problem, to addresses the muscle weakness and part of the extra-articular impingement [32] .
If other abnormalities are present, RNL performed through surgical dislocation should be considered to treat extraarticular and intra-articular impingements caused by a highriding greater trochanter and/or a short femoral neck. The procedure has 2 goals: the improvement of the muscular biomechanics and the resolution of the extra-and intraarticular impingement. The operation name is "relative lengthening" because only the superior part of the neck becomes longer [33] .
The morbidity of the greater trochanter distalization and relative lengthening procedures is quite small, including healing problems of the greater trochanter.
Relative neck lengthening morbidity is not higher than for surgical dislocation alone; this aspect may increase the biomechanical value of the procedure. Lateral displacement of the greater trochanter has been described as the most important component of the trochanteric transfer [34, 35] . Those authors suggested that distal displacement alone does not increase the lever arm of the abductors and distal transfer alone increases the pressure over a reduced area of the joint, possibly accelerating the development of osteoarthritis [36] . Furthermore, the intra-articular component of impingement is not addressed by this procedure, and this component is the clinically more important in the long-term [31] .
Results
Published results are not easily comparable because of the different rage of indications between authors. For example, a wide range [31] of improvement in hip abductors' insufficiency has been reported in the literature. This wide range is probably attributable to the variability of indications for surgery and to the etiology of deformity.
Several studies evaluated the improvement of hip function but did not use a validated tool and only few studies have shown improvement of hip function in the majority of patients treated greater trochanter distalization, either based on a validated hip score or only from gait improvement. According to Sun Young Joo [37] , trochanteric advancement alone does little to relieve pain and improve limping in patients with relative overgrowth of the greater trochanter and LeggCalvé-Perthes (LCPD) disease underlying the importance of intra-articular deformity treatment.
Lesser trochanter distalization or excision
Background
Lesser trochanter distalization or excision is commonly performed for ischiofemoral impingement (IFI); this is defined as a contact between the ischium and the lesser trochanter. Ischiofemoral impingement is not common and is often related to trauma or prior hip surgery (eg, as a result of fractures of the proximal femur or in patients with intertrochanteric osteotomy) [38] [39] [40] . Both congenital and acquired impingements have been reported in cases without a history of prior surgery [38, 41, 42] .
Ischiofemoral impingement is characterized by a narrowed space between the ischial tuberosity and the lesser trochanter, with intermittent compression of the quadratus femoris muscle between the ischium and the lesser trochanter, and associated edema or fatty replacement of the quadratus femoris muscle [38, 40] .
Ischiofemoral impingement is related to sex, being more common in women and bilateral in up to one-third of patients [38, 40] . The predominance of ischiofemoral impingement might be due to the shape of the female pelvis [38, 40] .
The diagnosis is mainly done through an MRI, because there are no specific tests for ischiofemoral impingement, and it is often confused with intra-articular hip pain [40] .
In patients with ischiofemoral impingement, the distance between the ischial tuberosity and the lesser trochanter (also known as the ischiofemoral distance) is reduced, with mean (±SD) measurements of 13±5 mm in patients vs 23±8 mm in control subjects [38] . Some caution is advised when measuring this distance in daily practice, because the measurements are dependent on the degree of internal or external rotation of the hip during image acquisition. So far, to our knowledge, no prospective study exists on ischiofemoral impingement; therefore, inconsistencies in patient positioning cannot be excluded in the reported studies [38, 40] .
Indications and drawbacks
Although most reports recommend conservative treatment or CT-guided injection of steroids [38, 39, 43] , some authors suggest surgical resection or distalization of the lesser trochanter. Resection could be arthroscopically performed after psoas tendon detachment as described by Safran [44•] , while open distalization may be performed associated with other osteotomies through a surgical dislocation (Fig. 1) [43] . The preferred treatment of IFI is still debated in the orthopedic community. While the 2 cases of IFI following total hip arthroplasty were successfully treated with open excision of the lesser trochanter, definitive treatment has yet to be determined, especially for the nonarthritic hip without previous surgery.
Results
Published results of those techniques are promising but only few cases have been described, therefore, the actual evidence is not sufficient to support a routine use of those procedures outside selected centers.
Head reduction osteotomies
Background
Head reduction osteotomies are commonly performed for Legg-Calvé-Perthes disease. Etiology of LCPD is an idiopathic osteonecrosis of the femoral epiphysis probably because of its tenuous blood supply. This process created an asphericity of the femoral head and this causes hip pain and dysfunction either in childhood either in adulthood. Stulberg et al [45] and McElwain et al [46] demonstrated a clear correlation between femoral head sphericity and radiographic and long-term functional outcome.
A recent meta-analysis [47] suggested that children older than 8 years would be the best candidate for surgery. The Level IIa and IIIa studies revealed patients undergoing surgery during or before the fragmentation phase have better femoral head sphericity at the end stage of LCPD than those undergoing nonoperative treatment.
Several treatments were proposed for LCPD but their effects on the natural history of the disease are unclear and the best treatment of LCPD remains unknown.
Recently femoral head reduction osteotomy has been proposed to treat those deformities. The rationale of this procedure is to address the disease directly on the site of deformity. A peri-acetabular osteotomy may be added when the acetabulum is dysplastic.
Indication and drawbacks
Femoral head reduction osteotomy has a rare but distinct indication in older children and adolescents. It is a direct approach to morphology of the femoral head and it does not have a true alternative option. Femoral head osteotomy is always combined with relative lengthening of the neck. However, it may be performed without an additional joint- stabilizing procedure if secondary deformation of the acetabulum is absent or only minimal.
Finally, an excessive resection of the femoral head can cause hip instability and subluxation and may lead to an early osteoarthritis. The remaining subluxation tendency may be limited with a varus intertrochanteric osteotomy and a reorientation of the acetabulum at a later stage.
Results
Unfortunately there is only 1 case series of femoral head reduction osteotomies reported [33] . The authors described the procedures for 13 patients Perthes or Perthes-like deformities. Patients' ages ranged between 9 and 21 years. Eight hips had a peri-acetabular osteotomy, together with the reduction osteotomy. All osteotomies healed within 6 to 8 weeks, and none developed osteonecrosis at a minimum follow-up of 3 years. All patients reported improved motion, without substantial pain.
With the longest follow-up at 9 years, intra-capital osteotomy has promising radiographic and clinical results and seems to be a good choice in selected cases but further study, in hands other than the technique describers, will be necessary to confirm this statement.
Conclusions
Although the use of femoral osteotomies is decreased due to the effectiveness of THA, they may still play a role in young patients with major deformities of the proximal femur before cartilage lesions are developed. Classic osteotomies, such as valgus and varus correction, should be considered when patients meet the limited indications.
Select cases may benefit from new techniques, such as femoral neck osteotomy, femoral head reorientation, relative neck lengthening (RNL), greater or lesser trochanter distalization and femoral head reduction osteotomy (FHRO).
The last 3 groups of procedures, however, are routinely performed only by surgeons with extensive clinical experience and may not offer the same rates of success if adopted in a widespread fashion.
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